Plain Language Summary {#S0001}
======================

Chemotherapy for hepatocellular carcinoma has many side effects, while plant extracts have better advantages; thus, further clarification of the mechanism of plant extracts in HCC is urgently needed. Previous studies have suggested that sanguinarine elicits potential antitumor effects by promoting the apoptosis of cancer cells, but the specific mechanism is still unclear. This study found that sanguinarine can effectively promote the apoptosis of hepatocellular carcinoma cells, and IGFBP-3 is the key target for this effect. Further study on SAN could provide a new model for treating HCC.

Introduction {#S0002}
============

Hepatocellular carcinoma (HCC) is the most common primary hepatic malignancy and the second most common cause of cancer-related death worldwide.[@CIT0001] At present, according to the Barcelona Clinic Liver Cancer (BCLC) staging classification, the treatment of HCC mainly consists of surgery, chemoembolization and systemic therapy.[@CIT0002] However, the existing treatment is not adequate and has numerous side effects, and the mortality rate of HCC remains high.[@CIT0003] The identification of more effective therapeutic approaches to treat HCC and other malignancies is necessary. Although new methods are constantly being proposed, the side effects are often overlooked. Recently, the use of plant materials as anticancer agents has gained a great deal of attention for their possible therapeutic efficacy with minimal toxicity.[@CIT0004]--[@CIT0008]

By comparing the antitumor effects of 5 known plant extracts: sanguinarine (CID: 5154), betulinic acid (CID: 64971), amygdalin (CID: 656516), solanesol (CID: 5477212), and (-)-sparteine (CID: 644020), we found that sanguinarine (SAN) could significantly reduce the viability of HCC cell lines. As a benzophenanthridine alkaloid, it is derived from the root of *Sanguinaria canadensis* and has been proven to induce cell apoptosis in several human carcinoma cell lines.[@CIT0008]--[@CIT0010] Nevertheless, research on the related mechanism of SAN in HCC is rare.

In this study, we investigated the effect of SAN on the cell growth, migration, and invasion of HCC. Subsequent experiments found that IGFBP-3 was the key target for SAN in promoting apoptosis in HCC.

Materials and Methods {#S0003}
=====================

Chemicals and Reagents {#S0003-S2001}
----------------------

Five natural extracts, sanguinarine, betulinic acid, amygdalin, solanesol, and (-)-sparteine, of analytical grade (HPLC purity ≥98%) were purchased from Sigma. Each extract was prepared with DMSO to form a stock solution with a final concentration of 20 mM.

Cell Culture and Treatment with Reagents {#S0003-S2002}
----------------------------------------

The HCC cell lines HepG2 and Hep3B were obtained from ATCC and cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin under standard conditions (37°C, 5% CO~2~). The culture medium was changed every day. Cells for assays were detached by a solution of 0.25% trypsin and 0.02% EDTA. For the cell viability study, all extract stock solutions were used at a final concentration of 2 μM. For the study of SAN dose-dependent experiments, SAN stock solution was set at different final concentrations of 0.5, 1, 2, and 4 μM.

Cell Viability Assays {#S0003-S2003}
---------------------

In the cell viability assay, cells were seeded into each well of a 96-well plate with 5 replicates for each group at each time point. After 24 hrs of incubation, 100 μL of medium containing 10% CCK-8 (Dojindo, Japan) was added to each well. After incubation for 2 hrs, OD values were measured at 450 nm using a Sunrise Microplate Reader (Tecan, Groedig, Austria).

qRT-PCR {#S0003-S2004}
-------

For qRT-PCR, cDNA synthesis was performed by utilizing the PrimeScript qRT-PCR Kit (TaKaRa, Dalian, China), and cDNA samples were amplified by using specific primers (GenePharma Shanghai, China) ([[Supplementary Table 1](http://www.dovepress.com/get_supplementary_file.php?f=234291.docx)]{.ul}). The mean Ct values of the target genes were normalized to the average Ct values of the endogenous control GAPDH. The ratio of mRNA expression of the target gene to GAPDH was defined as 2^--ΔΔC(t)^.

Western Blotting {#S0003-S2005}
----------------

Cells were collected and lysed in RIPA lysis buffer, and the protein concentrations were determined using a BCA protein assay kit (Thermo Scientific, USA). Equal amounts of protein extracts (20 μg) were loaded in the SDS-PAGE gel and transferred to HyBond ECL nitrocellulose membranes. Western blot analyses were performed using the following primary antibodies: anti-IGFPB3, anti-Bcl-2, anti-caspase-3, anti-BAX, and anti-β-actin, diluted according to the operation manual (Abcam, USA). After incubation with the IgG-HRP secondary antibody, immunoreactivity was detected using an ECL detection instrument, and the protein bands were quantified using ImageJ software and normalized to the signal intensity of β-actin.

Wound Healing Assays {#S0003-S2006}
--------------------

Hep3B cells were resuspended and adjusted to 1×10^6^/mL and then seeded on ibidi inserts in μ-dishes (ibidi, Germany) at 70 μL/well. After 12 hrs, the insert was removed carefully, and 500 μL serum-free DMEM with/without SAN was added. After 24 hrs, the cells were observed and photographed under an inverted phase contrast microscope. The area of the cell gap in each visual field was measured by ImageJ software, and then the average migration distance was calculated.

Transwell Invasion Assays {#S0003-S2007}
-------------------------

The migration of Hep3B cells was measured by Transwell filters (8-μm pores; BD Labware, USA). Cells were seeded in 200 μL serum-free DMEM in the upper chamber with Matrigel (BD Labware, USA) coated on the membrane of the filters, with/without SAN treatment. DMEM containing 10% fetal bovine serum (500 μL) was placed in the lower chamber. After 24 hrs, the cells on the outer side of the membrane were fixed with 90% alcohol and stained with crystal violet. After decolorization of citric acid, the OD value at 570 nm was measured by a spectrophotometer (Shimadzu, Japan).

Apoptosis Assays {#S0003-S2008}
----------------

Hep3B apoptosis was detected by flow cytometry (FCM) and caspase activation assays. For FCM assays, the Annexin V-FITC/PI Apoptosis Detection Kit (BD Pharmingen, USA) was used according to the manufacturer protocols. Cells were collected and suspended in annexin-V binding buffer. After incubation with Annexin V-FITC (25°C, 15 mins), Propidium iodide (PI) was added, and apoptotic cells were analyzed with a FACScan instrument (Becton Dickinson). Apoptosis was described as cells with annexin V-positive staining. For the apoptosis assay, the Caspase-3 Activity Assay Kit (Beyotime Biotechnology, China) was used to assess caspase activation according to the manual. Cells were cultured at a density of 1×10^6^/well with/without SAN or si-IGFBP-3. Then, the cells were harvested and lysed (0°C, 30 mins), and the supernatants were collected after centrifugation (0°C, 12,800 g × 10 mins) and incubation with 2 mM Ac-DEVD-pNA (37°C, 1 hr). The OD values at 405 nm were detected and calibrated with the p-NA standard using a spectrophotometer (Shimadzu, Japan).

Cell Transfection {#S0003-S2009}
-----------------

Hep3B cells were transfected with pcDNA3.1-IGFBP-3 and si-IGFBP-3, and the siRNA sequence was designed and synthesized by GenePharma (GenePharma, Shanghai, China) ([[Supplementary Table 1](http://www.dovepress.com/get_supplementary_file.php?f=234291.docx)]{.ul}). Cells were transfected with pcDNA3.1-IGFBP-3 and IGFBP-3 siRNA plus Lipofectamine 2000 (Invitrogen, California, USA). All operations were carried out in accordance with the manual for instructions.

Statistical Analyses {#S0003-S2010}
--------------------

The measurement data are presented as the mean±SD. Using *t*-test for two independent groups, using ANOVA for multiple comparisons (two-way ANOVA for CCK-8 assays and one-way ANOVA for multiple comparisons) and Tukey's multiple comparisons for post hoc test. Statistical analyses and graphics presentation were performed using GraphPad Prism 7, *P*\<0.05 was considered statistically significant.

Results {#S0004}
=======

SAN Inhibited the Viability of the HCC Cell Line Hep3B in a Concentration-Dependent Manner and Also Inhibited the Viability of HepG2 Cells {#S0004-S2001}
------------------------------------------------------------------------------------------------------------------------------------------

To understand the effects of different plant extracts on hepatocellular carcinoma, based on previous studies, 5 plant extracts with potential antitumor effects, sanguinarine (SAN), betulinic acid, sparteine, amygdalin and solanesol, were selected for this study ([Figure 1A](#F0001){ref-type="fig"}). HepG2 and Hep3B cell lines were used to evaluate the cell viability after treatment with the mentioned extracts using working concentrations of 2 μM. After 72 hrs, the results of CCK-8 assays showed that each extract presented different degrees of proliferation inhibition, and SAN treatment resulted in the most significant proliferation inhibition in both HepG2 cells (q=21.66, *P*\<0.01) and Hep3B cells (q=18.55, P\<0.01) ([Figure 1B](#F0001){ref-type="fig"}). The inhibitory effect of SAN in Hep3B cells was observed with different concentrations, at 0, 0.5, 1, 2 and 4 μM, and showed an approximately linear change with increasing concentration ([Figure 1C](#F0001){ref-type="fig"}). These results indicated that SAN elicited the most significant inhibition of proliferation of HCC cell lines among the five plant extracts, and the effects occurred in a typical concentration- and time-dependent manner.Figure 1SAN inhibited the viability of HCC cell lines more potently than other plant extracts tested. (**A**) Five candidate plant extracts. (**B**) HCC cell lines were treated with the abovementioned extracts or DMSO, and SAN showed the most significant viability inhibition. (**C**) The inhibitory effect of SAN in Hep3B cells showed an approximately linear change with increasing concentration. Each group of experiments was repeated three times, \*P\<0.05, \*\*P\<0.01.

SAN Inhibited the Malignant Properties and Promoted the Apoptosis of the Hep3B Cell Line {#S0004-S2002}
----------------------------------------------------------------------------------------

To further understand the phenotype of HCC cell lines with/without SAN, apoptosis, wound healing and Transwell invasion assays were performed using the Hep3B cell line. Wound healing assays showed that the mean migration distance of the SAN group was significantly shorter than that of the control group (t=5.513, P=0.0067) ([Figure 2A](#F0002){ref-type="fig"}). In the Transwell assay, the invasion of the SAN group decreased significantly (t=17.46, P\<0.01) ([Figure 2B](#F0002){ref-type="fig"}). Flow cytometry showed that the percentage of apoptotic cells in the SAN group was significantly higher than that in the control group (t=11.90, P=0.0003) ([Figure 2C](#F0002){ref-type="fig"}). Caspase-3 activity assays demonstrated the activation of caspase-3 after SAN treatment (t*=*14.75, P\<0.01) ([Figure 2D](#F0002){ref-type="fig"}). These experiments confirmed that SAN could effectively inhibit the malignant phenotype of the Hep3B cell line.Figure 2SAN inhibited the malignant phenotype and promoted the apoptosis of Hep3B cells. The average migration distance (**A**) and invasion (**B**) changed with SAN treatment for 24 hrs. Flow cytometry results showed an increased proportion of apoptotic cells (**C**) and higher caspase-3 activity (**D**) after treatment with SAN vs without SAN after 24 hrs. Each group of experiments was repeated three times, \*\*P\<0.01.

IGFBP-3 Was Predicted as a Potential Target for SAN in HCC by Bioinformatics Analysis {#S0004-S2003}
-------------------------------------------------------------------------------------

To explore the possible mechanisms of SAN in HCC cells, bioinformatics methods were used. According to the BATMAN-TCM database ([<http://bionet.ncpsb.org/batman-tcm/>]{.ul}), the number of predicted candidate target genes (including known targets) of SAN was 290 (score cutoff ≥20). After clustering with KEGG, the top 20 terms, including 6 significant terms, were listed, including the p53 signaling pathway ([[Supplementary Table 2](http://www.dovepress.com/get_supplementary_file.php?f=234291.docx)]{.ul}). Further analysis revealed that 63 of the 290 candidate genes were highly correlated with clinical disease, and 2 genes were related to HCC, TP53 and IGFBP-3 ([Figure 3A](#F0003){ref-type="fig"}), which are involved in the regulation of apoptosis through the p53 signaling pathway ([Figure 3B](#F0003){ref-type="fig"}). By means of bioinformatics, we speculate that SAN regulates the apoptosis of HCC cells by affecting IGFBP-3.Figure 3IGFBP-3 was a predicted target of SAN by bioinformatics analysis. (**A**) Of 290 potential target genes of SAN, 63 were highly correlated with clinical disease, while 2 genes were related to HCC: TP53 and IGFBP-3. (**B**) KEGG clustering with an adjusted P value cutoff=0.05 showed that SAN may regulate apoptosis through the TP53/IGFBP-3 signaling pathway.

IGFBP-3 and Apoptosis-Related Proteins Were Activated by Treatment with SAN {#S0004-S2004}
---------------------------------------------------------------------------

To verify the results of the bioinformatics analysis, qRT-PCR and Western blotting were performed to detect the expression of IGFBP-3 and apoptosis-related genes and proteins treated with/without SAN. The qRT-PCR results showed that with SAN treatment, IGFBP-3, BAX, and caspase-3 increased significantly, while Bcl-2 decreased significantly (t=8.087, 4.051, 3.907, 4.267, P\<0.05) ([Figure 4A](#F0004){ref-type="fig"}). Western blotting also showed consistent results ([Figure 4B](#F0004){ref-type="fig"} and C). Overall, the results of bioinformatics analysis were verified, and with SAN treatment, HCC cells overexpressed IGFBP-3 and initiated changes in apoptosis-related proteins.Figure 4IGFBP-3 and apoptosis-related proteins were upregulated after SAN treatment. (**A**) After treatment with SAN, the qRT-PCR results showed that IGFBP-3, BAX, and caspase-3 expression increased significantly, while Bcl-2 expression decreased significantly, and (**B, C**) similar results were obtained by Western blotting. Each group of experiments was repeated three times, \*P\<0.05, \*\*P\<0.01.

IGFBP-3 Was the Key Target by Which Sanguinarine Promoted Hep3B Cell Apoptosis {#S0004-S2005}
------------------------------------------------------------------------------

The relationship between the upregulation of IGFBP-3 expression and the activation of apoptosis in HCC still requires further investigation. Using siRNA to inhibit the expression of IGFBP-3 in Hep3B cells, CCK-8 assays showed that the proliferation of HCC cells treated with SAN was markedly inhibited (Control vs SAN, q*=*16.34, P\<0.001), but with si-IGFBP-3, the inhibition of SAN in HCC cells was attenuated (Control vs SAN+si-IGFBP-3, q*=*2.969, P*=*0.1112), suggesting that SAN mainly inhibited the proliferation of HCC cells through IGFBP-3 ([Figure 5A](#F0005){ref-type="fig"}). Flow cytometry assays were used to detect the above two groups of cells after SAN treatment, and the apoptotic rate of the SAN+si-IGFBP-3 group was decreased (SAN vs SAN+si-IGFBP-3, t=8.029, P*=*0.0013) ([Figure 5B](#F0005){ref-type="fig"}). In the caspase-3 activity assay, caspase-3 was activated after SAN treatment (Control vs SAN, q*=*24.47, P\<0.01), but in the si-IGFBP-3 group, SAN treatment could not cause caspase-3 activation (Control vs SAN+si-IGFBP-3, q*=*2.654, P*=*0.2252) ([Figure 5C](#F0005){ref-type="fig"}). qRT-PCR assays showed that si-IGFBP-3 could eliminate the regulatory effect of SAN on apoptosis-related genes (Bcl-2: Control vs SAN, q*=*5.396, P*=*0.0206; Control vs SAN+si-IGFBP-3, q*=*0.7734, P*=*0.8518) (Caspase-3: Control vs SAN, q*=*19.95, P\<0.01; Control vs SAN+si-IGFBP-3, q*=*1.281, P*=*0.6568) ([Figure 5D](#F0005){ref-type="fig"}), and Western blotting also achieved similar results ([Figure 5E](#F0005){ref-type="fig"}). These results indicated that SAN mainly affects the apoptosis of HCC cells by upregulating IGFBP-3, while inhibition of IGFBP-3 expression could reverse this effect.Figure 5IGFBP-3 was the key target of SAN. (**A**) CCK-8 assay showed that the proliferation inhibition of HCC cells by SAN was attenuated by si-IGFBP-3, and (**B**) the proportion of apoptotic cells was notably decreased. (**C**) Caspase-3 was activated after SAN treatment, but these effects were reversed in the si-IGFBP-3 group. (**D**) qRT-PCR assay showed that si-IGFBP-3 could eliminate the regulatory effects of SAN on apoptosis-related genes, and (**E**) similar results were obtained by Western blotting. Each group of experiments was repeated three times, \*P\<0.05, \*\*P\<0.01.

Discussion {#S0005}
==========

HCC development and progression are the consequences of multiple factors involving various molecular events. Major factors include telomere maintenance, cell cycle control, WNT/β-catenin signaling, oxidative stress, epigenetic and chromatin remodeling, AKT/mTOR/MAPK signaling, and angiogenesis,[@CIT0001] and HCC can be derived from a variety of cell types, including stem/progenitor cells and mature hepatocytes.[@CIT0011]--[@CIT0013] However, research on HCC treatment seems to have not kept pace with research on the occurrence and development of HCC. Although chemotherapy has been widely used, most treatments cannot distinguish cancer cells from normal cells effectively in vivo, thus causing systemic toxicity and side effects. Finding more appropriate drugs or delivery methods with lower cytotoxicity and fewer side effects are important tasks for HCC chemotherapy.[@CIT0014],[@CIT0015]

Alkaloids are organic compounds containing nitrogen that occur nature, most of which are basic, some of which are neutral (eg, colchicine) or even acidic (eg, theophylline, theobromine). A wide range of pharmacological properties and effects have been reported, such as antimalarial (eg, quinine), antiasthma (eg, ephedrine), anticancer (eg, homoharringtonine), cholinomimetic (eg, galantamine), vasodilatory (eg, vincristine), antiarrhythmic (eg, quinidine), analgesic (eg, morphine), antibacterial (eg, chelerythrine), and antihyperglycemic activities (eg, vincristine and vinblastine).[@CIT0016] SAN \[13-methyl-(1,3) benzodioxolo-(5,6-C)-1,3-dioxolo(4,5)-phenanthrene\] is the most widely used benzophenanthridine alkaloid, which originates from the Canadian Haemorrhoa and other Papaver plants,[@CIT0017] and has antimicrobial, antioxidant and anti-inflammatory properties.[@CIT0018] SAN is a low toxicity, safe alkaloid and is relatively specific for cancer cells;[@CIT0019],[@CIT0020] it has been approved with known safety and bioavailability by the Food and Drug Administration (FDA) and included in the Prestwick Chemical Library.[@CIT0021],[@CIT0022]

SAN has effects on a variety of human cancers, including breast, lung, prostate, pancreatic, and colon cancer, and erythroleukemia, promyelocytic leukemia, etc.,[@CIT0023]--[@CIT0026] exhibiting cytotoxicity and cell inhibition. Some studies suggest that SAN exerts cytotoxic effects by acting on Na^+^-K^+^-ATPase, which plays a key role in the regulation of the MAPK pathway, reactive oxygen species and intracellular calcium ions.[@CIT0027] SAN also affects apoptosis of colon cancer cells by regulating Bcl-2/BAX,[@CIT0028] and prostate cancers by increasing nitric oxide synthase (NOS) formation[@CIT0029] or STAT3 activation.[@CIT0030] In breast cancer, SAN induces the accumulation of reactive oxygen species (ROS) in MDA-231 cell lines and inhibits the expression of Bcl-2 and C-Flip.[@CIT0031] Nevertheless, the mechanism by which SAN acts on HCC remains unclear. Potential mechanisms of SAN were assumed by using bioinformatics analysis, and further experiments confirmed that SAN regulated apoptosis-related proteins by upregulating IGFBP-3 and consequently promoted the apoptosis of HCC.

IGFBP-3 is the principal binding protein of insulin-like growth factor-1 (IGF-1). IGFBP-3 recruits IGF-1 so that it can bind with insulin-like growth factor-1 receptor (IGF-1R) and produces a series of cellular biological effects.[@CIT0032] IGFBP-3 can interact with vitamin D receptor (VDR) directly, and upregulation of IGFBP-3 can inhibit the differentiation of osteoblasts.[@CIT0033] In HCC and lung adenocarcinoma, downregulation of IGFBP-3 can trigger the activation of PI3K/Bcl-2 and RAS/JUN signaling and then facilitate tumor progression.[@CIT0034] In patients with advanced HCC who received antiangiogenic therapy, high IGFBP-3 promotes high IGF-1 levels, which are associated with a better disease control rate (DCR), progression-free survival (PFS) rate, and overall survival (OS) rate.[@CIT0035] According to our study, we found that SAN can upregulate IGFBP-3 expression in HCC cell lines, and more details of the relative mechanisms need to be understood.

Conclusions {#S0006}
===========

In conclusion, among the five extracts with potential antitumor effects, SAN most potently inhibits the HCC malignant phenotype. By upregulating IGFBP-3, SAN effectively promotes the apoptosis of HCC cells, and IGFBP-3 is essential to this effect. Considering the limited cytotoxicity and side effects of SAN, it could have advantages in HCC treatment. Further study on SAN could provide a new model for treating HCC.
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HCC, hepatocellular carcinoma; SAN, sanguinarine; IGFBP-3/IBP3, insulin-like growth factor binding proteins-3; NOS, nitric oxide synthase; ROS, reactive oxygen species; IGF-1, insulin-like growth factor-1; IGF-1R, IGF-1 receptor; PI, Propidium iodide.
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